Abstract-A new generation of microbolometers were designed, fabricated and tested for the NASA CERES (Clouds and the Earth's Radiant Energy System) instrument to measure the radiation flux at the Earth's surface and the radiant energy flow within the atmosphere. These detectors are designed to measure the earth radiances in three spectral channels consisting of a short wave channel of 0.3 to 5 m, a wide-band channel of 0.3 to 100 m and a window channel from 8 to 12 m each housing a 1.5 mm 1.5 mm microbolometers or alternatively 400 m 400 m microbolometers in a 1 4 array of detectors in each of the three wavelength bands, thus yielding a total of 12 channels. The microbolometers were fabricated by radio frequency (RF) magnetron sputtering at ambient temperature, using polyimide sacrificial layers and standard micromachining techniques. A semiconducting YBaCuO thermometer was employed. A double micromirror structure with multiple resonance cavities was designed to achieve a relatively uniform absorption from 0.3 to 100 m wavelength. Surface micromachining techniques in conjunction with a polyimide sacrificial layer were utilized to create a gap underneath the detector and the Si 3 N 4 bridge layer. The temperature coefficient of resistance was measured to be 2.8%/K. The voltage responsivities were over 10 3 V/W, detectivities above 10 8 cm Hz 1 2 /W, noise equivalent power less than 4 10 10 W/Hz 1 2 and thermal time constant less than 15 ms.
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I. INTRODUCTION

I
N THE last few years, uncooled infrared (IR) detection systems have shown considerable progress in cost, size, and performance, both for military and commercial applications. In transportation, IR cameras are used to improve the driver's ability to see in darkness. In rescue operations, they allow firefighters to distinguish victims through the smoke. In earth science research, IR vision systems are used to measure physical properties of cloud radiation [1] , [2] . Microbolometer technology is employed in this paper because it can operate at room temperature and it possesses a relatively flat broadband spectral response. Microbolometric devices exhibit a change in re- sistance with respect to a change of temperature of the sensing material accompanying the absorption of infrared radiation [3] . In our previous works, several different designs of semiconducting YBaCuO microbolometers were reported, utilizing: SiO bridges bulk-Si-micromachined to hold the detector arrays; Si N membranes surface-micromachined using a MgO sacrificial layer; and surface micromachined YBaCuO detectors, self-supported by thin titanium electrode arms [4] - [10] .
The most commonly used infrared detectors are based on the photovoltaic effect such as HgCdTe detectors, which have achieved detectivity of (1 3) 10 cm Hz /W in longwavelength infrared applications when cooled to 77 K [11] , [12] . However these detectors are limited by their narrow spectral bandwidth response and fail to reach to far IR region. On the other hand, broadband spectral response can be achieved easily using thermal detectors. Uncooled thermopile detectors are commonly used for radiometric applications. A specifically designed thermopile detector with an area of 200 200 m operating between 2.5-50 m region of the far IR spectrum has been reported to show responsivity around 400 V/W, detectivity of 1.7 10 cm Hz /W with a response time of 37 ms [13] . In addition, square grid metalized silicon nitride bolometers have been used for far IR detection. These suspended micromesh bolometers have achieved noise equivalent power (NEP) as low as 2. 7 10 W/Hz at 304 mK with a response time of 24 ms [14] . Other types of far-IR thermal detectors are the conventional high-superconducting transition edge bolometers [15] - [18] , and antenna-coupled superconducting microbolometers [19] , [20] . High-superconducting YBa Cu O detectors have exhibited responsivity as high as 1.7 10 V/W and NEP as low as 2.1 10 W/Hz [21] . Similarly, superconducting YBa Cu O microbolometers with bowtie antennas on NdGaO have achieved NEP as low as 1. 2 10 W/Hz and thermal response time of 20 ns [19] . Antenna-coupled superconducting microbolometers have a faster response time and a comparable NEP to that of conventional superconducting microbolometers. However, the high cost of cooling, and the requirement for high deposition temperatures limit the application of high-superconductor bolometers.
In this paper, novel semiconducting YBaCuO microbolometers are developed for far-infrared wavelength detection. The key feature of the structures is that the detector arrays are smaller and faster than those currently used in CERES, while retaining the requirement for spectral flatness of the total detector system. In addition, the sensitivity of the detectors is improved by an order of magnitude compared to the currently used IR detectors.
1057-7157/02$17.00 © 2002 IEEE These microbolometers are fabricated with a polyimide sacrificial layer and sputtered thin films. Detectors are designed with two different areas. The first type of detector utilizes a single 1.5 1.5 mm bolometer while the second type is a 1 4-detector array made of 0.4 0.4 mm bolometers fitting into the footprint of the present single detectors. The purpose of this research is to replace the existing technology, thus allowing a new generation of CERES instruments to measure the radiation flux at the Earth's surface and the radiant energy flow within the atmosphere.
Several figures of merits are used to characterize the microbolometric devices such as responsivity, , detectivity, , and temperature coefficient of resistance (TCR). Responsivity is the amount of output seen per watt of input radiant optical power.
( 1) where is the bias current, is the dc resistance, is the absorptivity, is the total thermal conductance to the substrate, is the radiation modulation frequency, is the thermal response time, defined by the ratio of the device thermal mass to its thermal conductance, and is the thermal coefficient of resistance (TCR) given by . The detectivity measures the signal-to-noise ratio (SNR) normalized with respect to the detector active area (2) Here, is the amplifier frequency bandwidth. The noise voltage, , includes the background noise, the temperature fluctuation noise, and the noise generated by the thermometer, which is made up of Johnson noise and -noise. An important figure of merit for a detector is its noise equivalent power (NEP), the input power necessary to give a signal-tonoise ratio of unity [3] , [22] : (3) Hence, for good performance, a microbolometer must have large values of , , and low NEP.
II. MICROBOLOMETER DESIGN
A 3-D view of the 400 400 m microbolometer is shown in Fig. 1 . In this design, a novel double-mirror structure is used underneath the pixel to achieve a flat spectral response. One mirror is roughly tuned toward absorption at longer wavelengths with a cavity height of 3.68 m, while the second mirror is tuned toward mid wavelengths with a cavity height of approximately 2.73 m. A transmission line model was used to match the impedance of the detector thin film layers to free space impedance, 377 , by adjusting the height of the two microcavities between the suspended thermometer and the underlying mirrors and optimizing the thicknesses of the thin films forming the overall structure. An equal-area weighing was imposed as one of the constraints in the Monte Carlo and Gradient optimization techniques used for this purpose. The result was a flattened spectral response with an enhanced absorption. The net effect was to use two 1/4-wave resonances to minimize the fluctuation in the spectral response and achieve the desired broadband impedance match. The results of single and double microcavity design are plotted in Fig. 2 . The YBaCuO thermometer and Si N supporting membrane have a resonance, which is mixed with the resonance of the two microcavities. Therefore, a regular resonance pattern was not observed. A thin absorber layer was used to enhance the absorption at long wavelengths.
In this structure, a two-metal-electrode was employed. Au ( 3.1 W/cmK) was chosen since it makes a good electrical contact to YBaCuO. The Au contacts were designed with narrow and long rectangular shapes to provide uniform current throughout the pixel. Ti makes a higher resistance contact to YBaCuO but has a relatively low thermal conductivity ( 0.219 W/cmK) and therefore provides a better thermal isolation than if a single, high thermal conductivity Au electrode was used.
III. MICROBOLOMETER FABRICATION
YBaCuO microbolometers were fabricated in two different sizes using conventional polyimide sacrificial layers and a Si N supporting membrane. The 400 400 m size microbolometers were fabricated in 1 4 arrays suspended above the substrate by a supporting membrane. The 1.5 1.5 mm microbolometers were fabricated as a single pixel. Due to the need for relatively high thermal conductance to achieve low-time constant while maintaining the large detector size (and therefore large thermal capacitance), the supporting membranes were designed with shorter and wider supporting arms. Fig. 3 shows the SEM micrograph of the resulting devices. The detectors were processed at room temperature, except for the polyimide cure, using a combination of RF magnetron sputter deposition, surface micromachining and selective wet and plasma etching techniques. The device fabrication steps are described as follows. Oxidized Si wafers were coated with a thick Ti mirror layer deposited by RF magnetron sputtering. The nominal thickness of Ti was 370 nm. The continuous titanium mirror reflects the IR radiation transmitted back to the active pixel area, forming a resonant cavity with YBaCuO thermometer to enhance the IR absorption. In addition, it prevents the excitation of the electron-hole pairs in the substrate. The wafers were then spin coated with Dupont polyimide (PI2611) and soft baked. The polyimide was then cured at 270 C in N environment for 1 hour to obtain a durable film, nominally 2.33 m thick. This represents the highest processing temperature in the fabrication. Next, the second 300-nm thick Ti mirror was similarly deposited by RF magnetron sputtering and patterned with standard photolithographic techniques. The areas of the two mirrors forming the two microcavities were set to be equal. The second polyimide sacrificial layer was again spin-coated and cured to the nominal thickness of 3.68 m. Next, a 13 nm thick Si N passivation layer was deposited followed by sputtering of a thin (4 nm) titanium absorber. The passivation and absorber layers were then defined with an area equal to the pixel size. A 236 nm thick Si N membrane material was subsequently deposited, followed by 23 nm of LaAl O . This layer is used as an etch stop to protect Si N during plasma etching of Ti electrode arms.
The metallization layers were formed consisting of Ti electrode arms (120 nm) and Au contacts/pads (100 nm). Gold was patterned and wet etched. Then, titanium layer was patterned and plasma etched. Next, 350 nm of semiconducting YBaCuO thermometer layer was deposited by RF magnetron sputtering at ambient temperature from a single, commercially available YBa Cu O sputter target. The YBaCuO pixel was patterned using standard photolithographic and wet etching techniques. Trench cuts were then patterned and etched through the LaAl O and Si N layers to expose the polyimide to oxygen ashing in the final step. Access holes with dimensions of 3 3 m and 4 4 m were patterned on top of YBaCuO. These holes are necessary to allow access to the sacrificial layer underneath the pixel and to fully release such large size microbolometers. Both YBaCuO and LaAl O were wet etched in the same solution. Using the photoresist mask, the holes through supporting Si N membrane, the Ti-absorber and the passivation Si N were dry etched in Ar : CF . The trench cuts and holes were realigned, patterned and wet-etched. Subsequently, the bonding contacts were patterned and dry etched.
Finally, oxygen plasma ashing was done to remove the polyimide layer suspending the YBaCuO pixel and forming the thermal isolation structure. The YBaCuO thermometer was protected during this step with a passivation layer of Si N atop YBaCuO. The undercut procedure was interrupted every 30 min to allow cooling of the structure thus minimizing stress-cracking.
IV. RESULTS AND DISCUSSION
Microbolometers were mounted in a Leybold ROK 10-300 K closed-cycle refrigerator, evacuated to 50 mtorr. Both 400 400 m 1 4 arrays and 1.5 1.5 mm single pixels were characterized. The two-probe resistance for most of the devices ranged from 1.5 5 M , depending on the geometry, with linearcharacteristics up to 7 A with no evidence of joule heating. The TCR was measured in 240-320 K temperature range to be 2.88% K and 2.74% K for the 400 400 m and 1.5 1.5 mm microbolometers, respectively. The measured resistance, the corresponding TCR versus temperature andcharacteristics are shown in Fig. 4 . These TCR values are lower in magnitude than what was previously reported for semiconducting YBaCuO, which were about 3.5%/K [6] , [5] . The lower TCR value can be attributed to the exposure of YBaCuO thermometer to oxygen plasma during the ashing of the polyimide to form the suspended structure. The relative increase of oxygen concentration causes YBaCuO to exhibit lower resistivity and TCR because the Fermi energy gets closer to the mobility band edge for holes, thus decreasing the activation energy for conduction of majority carriers, holes in this case [23] .
The thermal conductance of the pixel to the substrate was extracted through the Joule-heating method using resistance versus temperature characteristics measured with bias current up to 4 A. was 1.68 10 W/K and 5.7 10 W/K for small area and large area devices, respectively. The thermal conductance of the small area microbolometer was designed to be lower than the large area microbolometer to produce approximately the same thermal time constant. The smaller microbolometer has a correspondingly smaller thermal mass. An error in the estimation of the thermal conductivity of Si N resulted in lower thermal conductances than planned in both cases, hence larger thermal time constants than intended.
The voltage responsivity and detectivity figures of merit were evaluated with a set of Oriel Instruments, consisting of a 1450 K mock-blackbody light source: 6575 IR ceramic element and 60 077 ZnSe condenser/collimator. The net usable wavelength range of this broadband system was 0.6-15 m. The intensity of the optical power was 6.3 mW/cm on the small area devices and 3.4 mW/cm on the large area devices. The measurements were performed inside an electromagnetically shielded room. The devices were mounted inside a cryostat evacuated to 50 mtorr. The IR radiation was mechanically chopped through a ZnSe window. The microbolometers were dc biased with a current varying from 0.156 to 10 A, supplied by a low noise, battery-powered current source. The voltage signal for each chop- The responsivity, and detectivity are plotted in Fig. 6 , as a function of chopping frequency for two bias currents. The measured responsivity and detectivity of the 400 400 m size microbolometers reached up to 1.56 10 V/W and 1.25 10 cm Hz /W, respectively, at 4.65 A. For the 1.5 1.5 mm size microbolometers, the highest responsivity and detectivity were 158 V/W and 3.48 10 cm Hz /W at 4.28 A. The noise equivalent power was measured to be as low as 3.21 10 W/Hz for small area detectors and 4.3 10 W/Hz for large area detectors at the same bias currents (see Fig. 7 ). The larger responsivity and lower NEP of the small area detectors is a consequence of the smaller thermal conductance designed into these detectors. The power normalized noise corner frequency [10] was around 0.2-0.5 Hz/ W for 400 400 m devices and 1.1-1.8 Hz/ W for 1.5 1.5 mm devices. This is considerably lower than the noise exhibited by VO [24] and a : Si microbolometers [25] . Comparisons for the detectivity figure of merit can be made to the temperature fluctuation noise limited and background noise limited detectivity [26] . Substituting the temperature fluctuation noise as the dominant noise voltage into (2), yields the temperature fluctuation noise limited detectivity to be (4) where is the detector temperature. Similarly, substituting the background noise associated with the radiative exchange between the detector and its environment yields a detectivity given by (5) where is the background or scene temperature and is the Stefan-Boltzmann constant. Using the measured parameters presented in Table I , the temperature fluctuation noise limited detectivity is calculated to be 2.6 10 cm Hz /W and 4.5 10 cm Hz /W for the small area 0.4 mm 0.4 mm and large area 1.5 mm 1.5 mm microbolometers respectively. Assuming the background temperature is the temperature of the source, 1450 K, and the detector temperature is 300 K, the background noise limited detectivity is calculated to be approximately 4 10 cm Hz /W for both detectors. The measured detectivity is less than both these limits implying that further reduction in the thermal conductivity is necessary to obtain higher detectivity. However the thermal mass and desired thermal time constant limit the achievable reduction.
The spectral response was measured in vacuum as a function of IR wavelength over the range from 0.6 to 15 m with an Oriel monochromator, and the same blackbody source. The spectral response versus wavelength figure displays mixed absorption resonance, which is composed of the resonance of the relatively thick layers of YBaCuO and Si N and the two cavities. The measured spectral response was relatively flat with at most an order of magnitude variation over the measured wavelength band (see Fig. 8 ). The decrease of responsivity in the 4 to 8 m band is mainly due to the lower than expected absorption of the Ti absorber in this band. The transmission line model (see Fig. 2 ) predicts approximately a factor of four variation in the absorption over this wavelength range. The difference between the predicted absorption and the measured one is most likely due to the partial oxidation of Ti absorber that resulted from the exposure to oxygen during plasma ashing of the polyimide layer to suspend the structure. It might also be due to the slight variation between the fabricated and the calculated thin film thicknesses. The absorption can be further enhanced to provide a flatter spectral response by further optimization of the device structure by adding another resonance or perhaps introducing an on-chip antenna. Improvement in the microbolometer responsivity, detectivity and noise equivalent power requires a decreased thermal mass to shorten the thermal time constant and a reduction in the thermal conductance.
The NEP was also measured as a function of IR wavelength and is displayed in Fig. 9 . The relatively high values observed in 4-8 m range is believed to be due to the low signal (see Fig. 8 ) in this range and therefore an artifact introduced from the measurement setup noise.
The thermal time constants, were calculated using the responsivity vs. chopper frequency data in conjunction with (1) .
ranged from 13 to 15 ms for the small area devices and from 25 to 28 ms for the large area devices. The extrapolated thermal capacities are 2.52 10 J/K and 1.47 10 J/K, respectively. The values for were then calculated from the measured data to be 2.59 10 W/K and 1.12 10 W/K for the small area and large area devices. The absorptivities were extracted from the calculated value and the measured to be 60% for the small devices and 50% for the large devices. This represents a relatively strong IR absorption for the broadband YBaCuO thermometer, comparable to the predictions of the transmission line model used to design the structures. At this time, absorptivities were not verified by direct measurements. A summary of the measured and extracted characteristics is presented in Table I. V. CONCLUSION Room-temperature broad-band microbolometers based on semiconducting YBaCuO were developed for far IR detection to be used for radiometric measurements at 30 Hz frame rate. The bolometers were micromachined on a 350-nm Si N supporting membrane suspended approximately 6 m above the substrate. A double-mirror structure was designed to achieve a relatively uniform spectral response up to 100 m wavelength. The microbolometers exhibited a relatively strong absorptivity of 59% in the 0.6-15 m wavelength band.
The 400 400 m 1 4 microbolometer arrays displayed responsivities and detectivities of 1.56 10 V/W and 1.25 10 cm Hz /W, respectively, at a bias current of 4.65 A. The large area single pixels (1.5 1.5 mm ), on the other hand, had a responsivity of 158 V/W and a detectivity of 3.48 10 cm Hz /W at 4.28 A. The measured noise equivalent power was 3. 21 10 W/Hz for small size arrays whereas, the large area single pixels showed NEP of 4.3 10 W/Hz . The power normalized noise corner frequency was less than or equal to 2 Hz/ W for large area detectors, while much smaller values, ( 1 Hz/ W) were observed on small area detectors. These results are very promising for uncooled broadband microbolometer technology. He is currently working as a research scientist at General Monitors laboratories, Lake Forest, CA. His graduate research was on developing broadband and far-infrared detectors for thermal imaging, night vision and space applications. He coauthored 12 conference and journal papers in these areas. Fluctuations (1993 Fluctuations ( , 1999 Fluctuations ( , and 2001 . Her research interests include microelectromechanical systems, infrared detectors, noise in semiconductor and superconductor devices, and high T -superconductivity.
